[1] A recent prospective on the Yellowstone Caldera discounts its explosive potential based on inferences from tomographic studies which suggests a high degree of crystallization of the underlying magma body. In this study, we show that many of the first teleseismic P-wave arrivals observed at seismic stations on the edge of the caldera did not travel through the magma body but have taken longer but faster paths around the edge. After applying a number of waveform modeling tools, we obtain much lower seismic velocities than previous studies, 2.3 km/sec (V p ) and 1.1 km/sec (V s ). We estimate the physical state of the magma body by assuming a fluid-saturated porous material consisting of granite and a mixture of rhyolite melt and water and CO 2 at a temperature of 800°C and pressure at 5 km (0.1 GPa). We found that this relatively shallow magma body has a volume of over 4,300 km 3 and is about 32% melt saturated with about 8% water plus CO 2 by volume.
Introduction
[2] The giant Yellowstone Caldera (supervolcano; Figure 1a ), generated by an explosion about 640,000 years ago, has slumbered for over 70,000 years since the last eruption [Christiansen, 2001] . It is experiencing thousands of small earthquakes every year with M w ! 6.0 damaging events every few decades [Waite and Smith, 2002; Husen et al., 2004] . It also has the world's largest hydrothermal system [Fournier, 1989; Lowenstern et al., 2006] and emits 45,000 tons of CO 2 daily [Werner and Brantley, 2003] . Both GPS and InSAR observations suggest periodic uplift and subsidence of the caldera [Wicks et al., 1998 Puskas et al., 2007] , and in mid-2004, the uplift accelerated to about 7 cm/year (Figure 1b) . Apparently, the accelerated uplift is related to a magma recharge . Inversion of the GPS and InSAR data suggests a magma sill at shallow depths with an area of 1,200 km 2 and magma charge rate of about 0.1 km 3 yearly , mapped out in Figure 1b . The shallow magma body beneath the Yellowstone Caldera is also the key to explaining the low Bouguer gravity anomaly [Eaton et al., 1975] (Figure 1a) . In order to reveal the size and velocity drop of the magma body, many seismological tomographic studies have been conducted using regional earthquake data [Benz and Smith, 1984; Miller and Smith, 1999; Husen et al., 2004] and surface waves [Stachnik et al., 2008] . A common feature among these results is that a low velocity zone (LVZ) lies beneath the caldera. Tomographic studies indicates that the P-and S-wave velocities drop by 10% [Husen et al., 2004] and 20% [Stachnik et al., 2008] , respectively. Based on these velocities, a high degree of crystallization of the magma body was inferred [Husen et al., 2004] .
[3] Since the caldera is sitting above a complex upper mantle, it becomes difficult to isolate travel-time effects caused by the magma body using tomography. For this reason we concentrate on modeling the first few seconds of the P-waveform field as observed on broadband seismic systems. Although there were many short-period seismic surveys, only five broadband three component seismic stations are presently available as positioned in Figure 1 Figure S1) . 3 Since most of the events are arriving from the NW and SE, we will address 2D cross-sections through the caldera indicated by the black lines in Figure 1 , AB and CD, and assume that H17A can be included in the AB crosssection (Figure 2a) .
[4] A preliminary analysis of this data revealed that only stations H17A and LKWY have particle motions appropriated for receiver function studies because the vertical and radial motions have the same sign for the initial P-arrivals, up and away or down and back. Thus, we will use these two stations to perform a detailed study of phases involving P-to-S conversions. This technique isolates the near-receiver propagation effects [Zhu et al., 1995] . If a low velocity layer is embedded in the upper crust, two P-to-S phases, which correspond to the P-to-S converted phases at the top and bottom of the LVZ, will appear after the direct P wave on radial-component receiver functions.
Seismic Modeling
[5] We obtained and analyzed receiver functions recorded by station H17A and LKWY for 100 common events with details on analysis given in auxiliary material, see Figures S2 -S6. The three phases for waves coming from southeast of H17A can be easily identified ( Figure 2a ). The first positive pulse is the direct P wave that travels through the LVZ (labeled as 1 in Figure 2a ). The negativeamplitude phase 2 and positive-amplitude phase 3 are the P-to-S converted phases from the top and bottom of the LVZ, respectively (Figure 2b ). Phases after 3 sec are multiples trapped above the LVZ ( Figure S4 ). By modeling the radial receiver functions, we obtained a model with two layers over a half space, which appears to be the simplest model found to still explain these waveforms ( Figure 2c ). The best-fitting velocity model for southeast of station H17A has a horizontal LVZ at a depth of 9.0 km with a thickness of 3.6 km. The S-wave velocity drops 66% from 3.30 km/sec to 1.10 km sec with V p /V s = 2.08 ( Figures S5 and S6) . Such low values have been obtained from detailed reflection modeling of the magma body beneath Mt. Vesuvius [Auger et al., 2001] . For northwest of H17A, the LVZ is dipping southeast at a depth of 5.5 km with a small dip of a few degrees.
[6] This shallow LVZ beneath the Yellowstone Caldera is severe enough to cause difficulties with seismic tool applications. In particular, seismologists expect teleseismic P-waves to arrive with motions up and away or down and back as mentioned earlier. Synthetic teleseismic waveforms, however, violate this assumption in some circumstances when the LVZ is severe enough. For instance, stations near the trailing edge have reversal radial-component motions, while stations near the leading edge do not ( Figures S7-S11 ). Wave propagation simulations show that if the LVZ is slow enough, P waves can wrap around the ends to reach the receivers before the direct arrivals.
[7] Many of the observations recorded by the YISA stations display the reversed radial components. For example, teleseismic waves coming from southeast recorded by station Y103 have different polarities on the radial and vertical components, while its radial and vertical motions have the same polarities for waves coming from northwest ( Figure 2d ). This phenomenon is not produced by the wrong alignment of instruments (supplementary information with Figure S12 ). Moreover, the radial component of Y102 flips for northwest arriving waves. These two stations confirm the existence of the LVZ beneath the Yellowstone Caldera. If the LVZ has a smaller velocity drop (33% for example), the radial and vertical components will have the same polarities ( Figure 2d , lower two rows), which obviously does not fit the observed data. Based on the receiver function . The shape of the magma body agrees with the purple area suggested by the low gravity anomaly.
modeling and wrap-around waves for stations Y102 and Y103, we obtained an image of the profile along AB (Figure 2a and Figures S13 and S14) . The magma body also correlates well with the hydrothermal, volcanic, and seismic features with over 900 earthquakes occurring in the Yellowstone Lake area during the 2008 -2009 sequence near the station LKWY (Figure 1a) .
[8] Along profile CD, station LKWY has a similar uppercrustal velocity structure to H17A. On the southeastern side of LKWY, the horizontal LVZ is 9.0 km deep. On the northwestern side of LKWY, the LVZ dips southeast at a depth of 5.6 km with an angle of about 2°( Figure S15 ). For station Y100, its radial component flips for teleseismic waves from northwest, which implies that it sits on a trailing edge. Together with regional earthquake hypocenters, we sketched a cross section in Figure S15 . Synthetic waveforms show the same reversal pattern as station Y100 (Figures S16 and S17).
[9] Our discovery of wrap-around phases in combination with receiver function analysis produces a distinctly different physical state of this magma body than previous studies [Husen et al., 2004; Daniel and Boore, 1982; Benz and Smith, 1984; Stachnik et al., 2008] . The V p /V s = 2.08 corresponds to a Poisson's ratio of 0.35. This ultra low V s and high Poisson's ratio indicate the presence of a magma chamber. Eaton et al. [1975] modeled the gravity field using 4 Figure 2. (a) Velocity structures beneath station H17A and LKWY inferred from receiver function modeling. Various ray paths from southeast (red) and northwest (blue) are identified. An ultra low velocity zone (LVZ) is embedded in the upper crust beneath the Yellowstone Caldera with a thickness of 3.6 km with V p = 2.29 km/sec, V s = 1.10 km/sec. On the southeast side, the LVZ is a horizontal layer at a depth of 9.0 km. On the northwest, the LVZ is dipping with an angle of 2°a t 5.4 km. The ray paths, 1, 2 and 3, are direct P wave through the LVZ, P-to-SV converted phase from top of the LVZ and P-to-SV phase from bottom of the LVZ, respectively. Solid and dotted lines indicate P and SV waves, respectively. The horizontal dimension of the LVZ agrees with InSAR observations . (b) Observed (solid) and synthetic (dashed) receiver functions for stations H17A and LKWY. Different ray paths in Figure 2a are also labeled as they change mode from P to S. Phases after 3 sec are multiples trapped above the LVZ. (c) Comparison of observed data (solid) and synthetic waveforms (dashed) calculated using finite difference algorithm [Yan and Clayton, 2007] different types of source and presented 14 three-dimensional interpretations [Eaton et al., 1975] . Our profiles resemble the cross-sections with molten rhyolite magma. Based on InSAR image modeling that suggests the magma body has an area of about 1,200 km 2 (Figure 1b) , we estimate the total volume of the magma body of about 4,300 km 3 .
Results and Conclusions
[10] Using the method described in the auxiliary material, we can estimate the magma body by assuming a fluidsaturated porous granite with various porosity filled with different melt and fluid contents. Because water and CO 2 have almost identical effects on seismic velocities ( Figure S18 ), we combined water-CO 2 saturations in the computation. Figure 3 shows various V p curves corresponding to different fluid saturations from 0% to 10% with an increment of 2%. The corresponding V s curves are not distinguishable. It is clear that adding water/CO 2 to the magma will not change the shear velocity much. The compressional velocity, however, changes significantly, especially when the porosity approaches the critical porosity. The P and S velocities obtained from our modeling suggest that the magma body has a porosity of about 32% filled with at least 90% rhyolite melt and 8% water-CO 2 by volume (Figure 3) . In situ measurements of water/CO 2 ratio for volcanic gasses is 2.2 by weight [Chiodini et al., 2001 ]. If we assume that 50% of the daily emission of CO 2 is degassed from the magma body [Werner and Brantley, 2003] , CO 2 in the magma body will be released completely in about 1,100 years, which is much less than 15,000 years suggested by Fournier [1989] . Perhaps a basaltic magma chamber exists in the uppermost mantle supplying this large budget of CO 2 [Lowenstern and Hurwitz, 2008] .
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